+ T lymphocytes emerge rapidly during primary cytomegalovirus (CMV) infection in humans, they exhibit a state of prolonged functional exhaustion of unknown etiology. To investigate the suitability of rhesus macaques as a model of primary human CMV infection, we examined the virologic and immunologic features of naturally acquired primary CMV infection in rhesus macaques.
Cytomegalovirus (CMV) is a herpesvirus establishing life-long persistence after primary infection. CMV infection can cause severe manifestations in immunocompromised subjects and fetuses but is usually asymptomatic in immunocompetent hosts. Data from several studies support an important role for CD4 + T lymphocytes in the control of human CMV infection. Early appearance of functional CMV-specific CD4 + T cells is associated with asymptomatic infections after kidney transplantation [1] and with a lower risk of viremia after hematopoietic stem cell transplantation [2] . In chronic infection, CMV-specific CD4 + T cells acquire direct antiviral functions and are pivotal for optimal B and CD8 + T-lymphocyte responses [3] . CMV-specific CD4 + T cells produce multiple cytokines, including interferon γ (IFN-γ), tumor necrosis factor α (TNF-α), and interleukin 2 (IL-2), have potent proliferative capacity and can display major histocompatibility complex class II-restricted cytotoxicity [4, 5] .
Asymptomatic primary CMV infection in immunocompetent hosts, particularly children, often leads to virus shedding in bodily secretions for a prolonged duration, suggesting incomplete immune control [6, 7] .
Following primary infection, CMV-specific CD4 + T cells emerge rapidly but acquire the capacity to proliferate in vitro in response to viral antigens only several months after seroconversion [1, 7, 8] . While the delayed acquisition of functional CD4 + T-lymphocyte responses in primary infection is likely to contribute to the incomplete control of CMV replication, the etiology of functional CD4 + T-lymphocyte exhaustion remains uncertain. We recently observed that the slow acquisition of proliferative responses in primary CMV infection is associated with a reduced capacity to produce cytokines, including IL-2, IFN-γ, and TNF-α [9] . Clinical studies suggest that this functional impairment is a risk factor for mother-to-fetus transmission of CMV and for CMV retinitis in human immunodeficiency virus (HIV)-infected patients [10] [11] [12] [13] . Thus, development of therapeutic strategies to prevent the clinical complications associated with primary CMV infection will require a better understanding of the mechanisms compromising its immune control. Rhesus macaques are currently the best available animal model of human CMV infection [14] . CMV infection is widely prevalent among captive group-housed rhesus macaques, and rhesus CMV shares close genetic similarity to human CMV [15] [16] [17] . Similar to humans, rhesus CMV infection is asymptomatic in immunocompetent macaques, and CMV reactivation-associated disease manifests only in the setting of immunosuppression [18] [19] [20] . In contrast to chronic infection, there are limited data on the virologic and immunologic events in naturally acquired primary rhesus CMV infection. We and others have shown that maternal antibodies to CMV wane around 1 year of age and that seroconversion following natural infection occurs soon thereafter [15, 18] . Furthermore, handreared newborn macaques separated at birth from their mothers remain CMV seronegative after loss of maternal CMV antibodies [18] , suggesting that natural CMV acquisition occurs in the postnatal period. In this study, we investigated the relationship between viral load and CMV-specific CD4 + T-lymphocyte responses at different time points following natural CMV acquisition in rhesus macaques.
MATERIAL AND METHODS

Study Groups
In a cross-sectional study, 51 group-housed Indian rhesus macaques free of simian type D retrovirus, simian T-lymphotropic virus type 1, simian immunodeficiency virus, and herpes B virus infections in the specific-pathogen-free colony of the New England Primate Research Center (NEPRC) were enrolled and stratified into 4 age-based groups; 12-15-month-old infants (n = 8) designated as 1 year old; 25-33-month-old monkeys (n = 16), designated as 2 years old; 35-43-month-old monkeys (n = 9), designated as 3 years old; and >5-year-old monkeys (n = 18), designated as adults. Heparinized blood was collected from all monkeys. For 41, urine (clean-catch) and saliva (mouthwash with phosphate-buffered saline) specimens were also collected. Appropriate guidelines were followed for animal experimentation studies, and all animals were maintained in accordance with institutional and federal guidelines for animal care [21] .
Measurement of CMV DNA by Real-Time Polymerase Chain Reaction (PCR)
Urine and mouthwash specimens were concentrated using Ultracel YM-30 filters (Amicon) and frozen for subsequent DNA extraction. DNA was extracted from urine by using the QIAmp RNA mini kit (Qiagen, Valencia, CA) and from saliva and plasma by using the QIAmp DNA mini kit. CMV DNA was quantitated by real-time PCR as previously described [19] , and data are expressed as copies per milliliters of plasma or copies per microgram of input DNA in saliva and urine.
Intracellular Cytokine Staining Assay
Before intracellular cytokine staining, cryopreserved peripheral blood mononuclear cells (PBMCs) were stimulated with wholevirus rhesus CMV lysate antigen or pools of 15-mer peptides spanning the rhesus CMV pp65, IE1, and IE2 proteins, as previously described [19, 22] . Cells were stimulated for 6 hours at 37°C and 5% CO 2 , and brefeldin A (GolgiPlug, BD Bioscience) was added for the last 4 hours of stimulation. Cells were stained using the following antihuman antibodies: CD3 Pacific Blue, CD4 PerCP-Cy5.5, CD95 FITC, CD28 ECD, PD-1 APC, Tim-3 PE, IFN-γ PE-Cy7, IL-2 PE, TNF-α APC, and CD69 APC-Cy7 (all from BD Bioscience, except CD28, which is from Beckman Coulter, PD-1 clone EH12.2H7, which is from Biolegend, and Tim-3 clone 344 823 which is from R&D). Cytokines and CD69 were stained intracellularly after cell fixation and permeabilization, using the CALTAG Fix & Perm Kit (CALTAG) according to the manufacturer's instructions.
Assessment of Proliferative Responses
Freshly isolated PBMCs were cultured in Roswell Park Memorial Institute 1640 medium containing 10% fetal calf serum, Pen/Strep, and glutamine in 96-well plates. Cells were stimulated for 6 days with lysates of CMV-infected or uninfected fibroblasts, pulsed with BrdU for the last 18 hours of stimulation, and stained according to manufacturer's instructions with CD3 Pacific Blue, CD4 PerCP-Cy5.5, Ki67 FITC, and BrdU APC (all from BD Bioscience). For functional experiments, exogenous IL-2 or antibodies directed against PD-1 (5 µg/mL) and Tim-3 (5 µg/mL) were added at initiation of the stimulation period.
Statistical Analyses
Flow cytometry data were acquired on a BD LSRII cytometer (BD Bioscience) and analyzed using FlowJo software, version 8. [23] .
RESULTS
Viral Excretion Varies With Age in Naturally Infected Rhesus Macaques
To characterize the kinetics of natural CMV infection in rhesus macaques, quantification of CMV replication was performed in urine, saliva, and plasma specimens from eight 1-year-old, seven 2-year-old, nine 3-year-old, and 17 adult macaques ( Figure 1A ). Only a single 1-year-old monkey (12%) excreted virus in saliva, whereas all 2-and 3-year-old monkeys excreted CMV in their urine and saliva ( Figure 1A ). Interestingly, even in the presence of viral shedding in all 2-and 3-year-old monkeys, CMV was detected in plasma specimens from only 3 of 16 animals. CMV excretion was also detected in 71% of urine samples and 65% of saliva samples in adults but was of significantly lower magnitude, compared with observations for the 2-and 3-year-old groups ( Figure 1A) . Because of the similar viral excretion patterns, the 2-and 3-year-old monkeys were henceforth grouped together as juveniles. While excretion in both saliva and urine was the rule in juvenile animals, only 41% of adult animals showed a similar pattern ( Figure 1B ). Excretion was restricted to saliva or urine in 24% and 29% of adult animals, respectively, and 1 animal (6%) showed no excretion ( Figure 1B ). Together, these results indicate that monkeys in the juvenile age group display intense viral replication and shedding following natural rhesus CMV infection.
Reduced Polyfunctionality of CMV-Specific CD4 + T
Lymphocytes in Juvenile Rhesus Macaques
CMV-specific CD4 + T lymphocytes were detected after intracellular cytokine staining for IFN-γ, IL-2, and TNF-α following stimulation with rhesus CMV antigens. Because of change in the size of the naive and memory CD4 + T-cell compartment with age [24] , the frequency of CMV-specific responder cells was expressed as a fraction of the CD95 + memory CD4 + Tlymphocyte compartment. CMV-specific CD4 + T cells were defined as cells coexpressing the activation marker CD69 and at least 1 of the 3 cytokines on stimulation with the rhesus CMV antigens. The total frequency of cytokine-producing cells was determined by combining the 3 cytokine-specific gates with an 'or' conjunction, using FlowJo software. CMV-specific CD4 + T-cell responses against the rhesus CMV lysate were detectable in juvenile and adult but not infant rhesus macaques. The magnitude of the individual and total cytokine response to CMV lysate stimulation was significantly Figure 1 . A, Viral loads in bodily fluids and plasma according to age. Cytomegalovirus (CMV) DNA was detected in urine, saliva, and plasma specimens from 1-year-old, 2-year-old, 3-year-old, and adult group-housed rhesus macaques. Individual data are represented. Two-year-old, 3-year-old, and adult shedders were compared using the Kruskal-Wallis test (P < .001 for excretion in urine and saliva specimens). The Dunn posttest was used to compare adult excretors to 2-year-old and 3-year-old monkeys, by pairs (P < .01, for all combinations). B, Viral excretion in urine and saliva in 2-year-old, 3-year-old, and adult rhesus macaques. Abbreviation: ND, not done.
lower in juvenile monkeys, as compared to adult monkeys (Figure 2A) . A similar trend was observed for responses to rhesus CMV peptide pools ( Figure 2B ). To further investigate the quality of the CMV-specific CD4 + T-lymphocyte response, all possible combinations of simultaneous production of IFN-γ, IL-2, and TNF-α were analyzed using the SPICE software ( Figure 3 Figure 3A) . Thus, the CMV-specific CD4 + T-cell pool in juveniles contained a smaller fraction of polyfunctional cells, compared with adult macaques ( Figure 3B ). This was confirmed calculating the polyfunctionality index developed by Larsen et al [23] , which was significantly lower in juvenile as compared to adult macaques ( Figure 3B ). The function of CMV-specific CD4 + T cells in juvenile and adult rhesus macaques could be modulated both by age and viral replication. To eliminate age-related bias, the relationship between the polyfunctionality index of CMV-specific CD4 + T cells and viral excretion in urine or saliva was studied separately in juvenile and adult monkeys. While the magnitude of viral excretion in adult monkeys was unaffected by the polyfunctionality index, juvenile macaques with a low index showed significantly higher levels of urinary excretion ( Figure 3C ). Of note, this difference was not observed for salivary CMV excretion (data not shown).
Decreased Proliferative Capacity of CMV-Specific CD4 + T Lymphocytes in Juvenile Rhesus Macaques
Low proliferative responses are the hallmark of CD4 + T-cell responses in primary human CMV infection [7, 8] . To evaluate the proliferative ability of CMV-specific CD4 + T cells, we measured CD4 + T-cell proliferation in response to rhesus CMV lysate stimulation, using the BrdU incorporation assay. To avoid underestimation of the proliferative ability due to a higher proportion of naive cells in juvenile monkeys, the proliferation rate was expressed as follows: 
CD4
+ T-lymphocyte proliferation in response to CMV stimulation was significantly lower in juvenile as compared to adult macaques ( Figure 4A ). This proliferative difference was not + T cells among functional subsets. CD4 + T lymphocytes responding to the whole cytomegalovirus (CMV) lysate are distributed in functional subsets according to the production of interferon γ (IFN-γ), tumor necrosis factor α (TNF-α), and interleukin 2 (IL-2). Individual data after subtraction of background and median values are shown. The Mann-Whitney test was used for group comparison (P < .05 for IFN-γ + IL-2 − TNF-α + CD4 + T cells, P < .001 for triple-positive CD4 + T cells). B, Polyfunctionality of CMV-specific CD4 + T cells. The pie charts in the left panel illustrate the proportion of cells producing 1 ( pale grey), 2 (medium grey), and 3 (dark grey) cytokines among total responding cells in juvenile and adult rhesus macaques. Colored arcs show individual cytokines. In the right panel, the polyfunctionality index was calculated for juvenile and adult macaques in response to the whole CMV lysate, and values were compared using the Mann-Whitney test (individual data and medians are shown; P < .01). C, Relationship between urinary CMV excretion and CD4 + T-cell polyfunctionality. Animals have been stratified according to the polyfunctionality index of CMV-specific CD4 + T cells (low: index below median; high: index above median). Viral excretion in urine specimens was compared between these subgroups, using the Mann-Whitney test. Individual data and median values are shown (P < .01 for juveniles, P > .05 for adults).
due to the lower frequency of CMV-specific CD4 + T cells in juvenile monkeys, since it was also evident among juvenile and adult monkeys with comparable frequencies of cytokineproducing cells ( Figure 4B ). Similar to the relationship between viral excretion and polyfunctionality of CMV-specific CD4 + T lymphocytes, we observed higher levels of urinary but not salivary excretion of CMV in monkeys with low proliferation capacity ( Figure 4C and data not shown). Interestingly, this relationship was observed in both juvenile and adult monkeys. These results indicate that CMV-specific CD4 + T cells have a lower proliferative capacity in animals with recent infection ( juveniles) as compared to those with chronic infection (adults). Additionally, there is an age-independent inverse association between proliferative ability of CMV-specific CD4 + T cells and urinary CMV excretion.
Increased PD-1 Expression Contributes to Functional Exhaustion of CMV-Specific CD4 + T Lymphocytes
The association between lower polyfunctionality and reduced proliferative capacity of CD4 + T lymphocytes led us to evaluate the effect of exogenous IL-2 on CMV-specific CD4 + T-cell proliferation. A dose-dependent increase in CD4 + T-cell proliferative responses to rhesus CMV stimulation was observed in the presence of IL-2 in both juvenile and adult monkeys and resulted in abrogation of proliferative response differences between the 2 groups ( Figure 5A ). This supports the idea that a reduced IL-2 production capacity contributes to the defective proliferative ability of CMV-specific CD4 + T lymphocytes.
The inhibitory pathways PD-1 and Tim-3 play a central role in the functional exhaustion associated with chronic viral infections [25] . We recently showed that PD-1 but not Tim-3 controls proliferative responses of CD4 + T lymphocytes following primary human CMV infection [9] . Evaluation of CMVresponsive IFN-γ-producing cells revealed PD-1 but not Tim-3 expression on CMV-specific CD4 + T cells ( Figure 5B ). The median fluorescence intensity (MFI) of PD-1 expression was significantly higher in juvenile as compared to adult macaques ( Figure 5C ). No significant difference in the Tim-3 MFI was observed between the 2 groups ( Figure 5D ). Consistent with the described phenotype, PD-1-blocking antibodies significantly increased proliferative responses in all juvenile monkeys, but this effect was observed in only a subset of adults ( Figure 5C ). Tim-3 blockade had no effect on proliferative capacity (Figure 5D ). These results indicate that the inhibitory pathway mediated by PD-1 is involved in the functional impairment of CMV-specific CD4 + T lymphocytes observed in the context of intense viral replication seen in recent CMV infection.
DISCUSSION
The aim of this cross-sectional study was to characterize the natural history of primary CMV infection in rhesus macaques and to analyze the relationship between viral replication and the quality of the CD4 + T-cell response. Primary human CMV infection is associated with functional exhaustion of virus-specific CD4 + T cells [1, [7] [8] [9] , and the exhausted phenotype correlates + T-cell proliferative response (low: proportion below median; high: proportion above median). Viral excretion in urine specimens was compared between these subgroups, using the Mann-Whitney test. Individual data and median values are shown (P < .05 for juveniles, P < .07 for adults). + T-cell proliferative responses to CMV lysate was assessed (right; P < .01 for juveniles and P > .05 for adults, by the Wilcoxon test). D, Assessment of Tim-3 impact on CMV-specific CD4 + T-cell function. Tim-3 expression was evaluated by MFI measurement on CMVspecific IFN-γ-producing CD4 + T cells (left panel, P > .05 using the Mann-Whitney test). The effect of Tim-3 blockade on CD4 + T-cell proliferative responses to CMV lysate was assessed (right; P > .05 for juveniles and adults, using the Wilcoxon test).
with reduced viral control and clinical complications [10] [11] [12] [13] . This study is the first to demonstrate that natural primary CMV infection in rhesus macaques recapitulates the virologic and immunologic features associated with human infection.
Viral excretion was observed in all animals >2 years of age but was absent in all but a single 1-year-old infant. Although urinary CMV excretion could not be examined soon after birth, the presence of congenital CMV infection appeared unlikely in the absence of CMV viremia, salivary CMV shedding, and CMV-specific T-cell responses. Thus, naturally acquired CMV infection appears to occur between 1 and 2 years of age in rhesus macaques, coinciding temporally with waning anti-CMV maternal antibodies and onset of seroconversion [15, 18] . Because group-housed rhesus macaques acquire CMV infection before sexual maturity, it is likely that horizontal transmission via exposure to CMV-positive mucosal secretions during play, biting, scratching, and grooming are the common modes of natural CMV acquisition in macaques.
The delayed postnatal acquisition of CMV in rhesus macaques as opposed to humans is particularly striking. In a prospective study of mother-to-child transmission of CMV in Gambia, 85% of children were infected by 1 year of age, CMV infection was commonly acquired during the early postnatal period even in infants born with high titers of anti-CMV maternal antibodies, and postnatal CMV acquisition was correlated with the magnitude and frequency of CMV excretion in colostrum and vaginal secretions [26] . Why a similar pattern is not observed in infant rhesus macaques is not clear. Macaque maternal factors contributing to delayed postnatal CMV acquisition could include differences in immunological factors and low magnitude or frequency of CMV shedding in breast milk and genital secretions. Because group-housed macaques are at risk for repeated CMV reinfections, it is also possible that preconceptual immunity is more robust in female rhesus macaques, and transplacental transfer of multiple strain-specific antibodies may provide broad protection to infants. Differences in mucosal defense mechanisms in infant macaques could also contribute to resistance against postnatal CMV infection. Elucidating mechanisms of protection against early CMV infection in rhesus macaques has important implications for CMV vaccine development to block mother-to-child transmission.
CMV was also commonly excreted in chronically infected adults, but the excretion pattern was heterogeneous. Consistent with previous studies in naturally or experimentally infected adult macaques [27, 28] , we observed that >90% of adult monkeys excreted CMV in either saliva or urine or both but that a significant proportion of the animals excreted the virus at only one of the 2 sites. Not only was CMV shedding less common in adult macaques, it was also less intense as compared to that in juvenile animals. Indeed, viral loads detected in saliva or urine specimens from adult shedders were lower than viral loads measured in those of juvenile monkeys. Together, these results indicate that natural primary CMV infection in juvenile rhesus macaques is associated with intense viral excretion that persists at substantially lower levels in chronically infected adult animals. Of note, CMV viremia was rarely detected in the juvenile and adult macaques in this study. This is perhaps not surprising given that plasma viremia is only detected transiently in rhesus macaques following experimental CMV infection ( [28, 29] and Kaur et al, unpublished data).
The detection of higher frequencies of CMV-specific CD4 + T lymphocytes in adult as compared to juvenile animals did not appear to be related to the intensity of viral excretion, since we did not detect a relationship between urine or saliva viral loads and the frequency of CMV-specific CD4 + T cells (data not shown). Chronic CMV infection in humans and mice is associated with the progressive accumulation of virusspecific CD4 + T cells, a phenomenon called memory inflation [30] . Although the phenomenon could not be explored in this cross-sectional study, it is plausible that the higher magnitude of CMV-specific CD4 + T cells in adult rhesus macaques may in part be explained by memory inflation. In contrast to frequency, the quality of CMV-specific CD4 + T cells was markedly affected by the intensity of viral replication. Indeed, the polyfunctionality and proliferative capacity of CMV-specific CD4 + T cells in juvenile monkeys was profoundly reduced, compared with that in adult monkeys. Furthermore, both polyfunctionality and proliferation were inversely associated with urinary excretion in juvenile animals. A similar inverse association in adults was only observed with CMV-specific CD4 + T-cell proliferation but not with polyfunctionality, suggesting that proliferative ability is a more sensitive marker of the functional regulation of CD4 + T cells, as observed in chronic viral infections in humans and animals [25, 31] . The association between urinary viral excretion and proliferative responses in adults suggests a role for ongoing viral replication in maintaining functional exhaustion of CD4 + T cells. However, these effects were more pronounced in juvenile macaques, and thus it is possible that age-related immune development mechanisms also contribute to the CD4 + T-cell exhaustion phenotype of primary rhesus CMV infection. Interestingly, no association was observed between CD4 + T-cell function and CMV shedding in saliva specimens, suggesting that different immune mechanisms control viral replication in the kidney and salivary glands. In support of this hypothesis, studies of CMV-infected children indicate that viral shedding decreases more rapidly with age in saliva than in urine and that cessation of viruria is associated with increased T-cell proliferative responses [6, 32] . The reduced proliferation of CMV-specific CD4 + T cells in juvenile monkeys was associated with a reduced proportion of cells producing IL-2. Addition of exogenous IL-2 increased the proliferative responses in both juvenile and adult animals and resulted in similar proliferative responses in both groups, suggesting that the defective proliferation at least partly involves a reduction in the production of IL-2. Juvenile CD4 + T cells also expressed higher levels of PD-1, and blockade of PD-1 improved cell proliferation. The findings of decreased polyfunctionality and decreased proliferative responses of CMV-specific CD4 + T cells that respond to exogenous IL-2 or PD-1 blockade replicate the results observed in human primary CMV infection [9, 33] . The function of CD4 + T cells is an established correlate of disease activity in chronic viral infections including those due to HIV, hepatitis B virus (HBV), and hepatitis C virus [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The association between intense viral replication and exhaustion of CD4 + T lymphocytes can be related to: 1) the functional regulation of T cells by prolonged exposure to high antigen loads; 2) reduced control of viral replication by exhausted T cells. In patients infected with HIV or HBV, T-cell exhaustion can be reversed by reducing viral load with antiviral treatments [40, 43, 44] . On the other hand, direct evidence that T-cell exhaustion limits viral control comes from the study of SIV-infected rhesus macaques in which PD-1 blockade reduces viral replication through a quantitative and qualitative improvement of B and CD8 + T-cell responses [45] . Targeting exhausted CD4 + T cells through PD-1 or other regulatory pathways during primary CMV infection may also improve protective immunity and viral control. Although this report does not provide information on anti-CMV CD8 + T lymphocytes, this subset could also be functionally regulated during primary CMV infection and therefore represent a therapeutic target. These therapeutic approaches will have to be evaluated carefully as PD-1 blockade was recently shown to increase immunopathology in a mouse model of persistent LCMV infection [46] . PD-1-deficient mice have also been shown to be highly susceptible to MHV-3 hepatitis [47] . In humans, PD-1 blockade has been used in cancer and was associated with autoimmune manifestations, such as pneumonitis, thyroiditis, and hepatitis [48, 49] . Rhesus macaques are a potentially valuable model to evaluate the safety and efficacy of therapeutic interventions relevant to primary human CMV infection. Thus, the effect of exogenous IL-2 or PD-1 blockade during primary CMV viremia and impaired CD4 + T-cell functionality could first be tested in the rhesus macaque CMV model. In conclusion, this report demonstrates that primary CMV infection in rhesus macaques recapitulates virologic and immunologic features of human infection and therefore represents a relevant model to study the pathogenesis of primary CMV infection and to evaluate prophylactic and therapeutic interventions aimed at improving viral control.
Notes
